[1] Seismic profiles of several modern arcs have identified thick, low-velocity midcrustal layers (V p = 6.0-6.5 km/s) that are interpreted to represent intermediate to felsic plutonic crust. The presence of this silicic crust is surprising given the mafic composition of most primitive mantle melts and could have important implications for the chemical evolution and bulk composition of arcs. However, direct studies of the middle crust are limited by the restricted plutonic exposures in modern arcs. The accreted Talkeetna arc, south central Alaska, exposes a faulted crustal section from residual subarc mantle to subaerial volcanic rocks of a Jurassic intraoceanic arc and is an ideal place to study the intrusive middle crust. Previous research on the arc, which has provided insight into a range of arc processes, has principally focused on western exposures of the arc in the Chugach Mountains. We present new U-Pb zircon dates, radiogenic isotope data, and whole-rock geochemical analyses that provide the first high-precision data on large intermediate to felsic plutonic exposures on Kodiak Island and the Alaska Peninsula. A single chemical abrasion-thermal ionization mass spectrometry analysis from the Afognak pluton yielded an age of 212.87 ± 0.19 Ma, indicating that the plutonic exposures on Kodiak Island represent the earliest preserved record of Talkeetna arc magmatism. Nine new dates from the extensive Jurassic batholith on the Alaska Peninsula range from 183.5 to 164.1 Ma and require a northward shift in the Talkeetna arc magmatic axis following initial emplacement of the Kodiak plutons, paralleling the development of arc magmatism in the Chugach and Talkeetna mountains. Radiogenic isotope data from the Alaska Peninsula and the Kodiak archipelago range from " Nd (t) = 5.2 to 9.0 and 87 Sr/ 86 Sr int = 0.703515 to 0.703947 and are similar to age-corrected data from modern intraoceanic arcs, suggesting that the evolved Alaska Peninsula plutons formed by extensive differentiation of arc basalts with little or no involvement of preexisting crustal material. The whole-rock geochemical data and calculated seismic velocities suggest that the Alaska Peninsula represents an analogue for the low-velocity middle crust observed in modern arcs. The continuous temporal record and extensive exposure of intermediate to felsic plutonic rocks in the Talkeetna arc indicate that evolved magmas are generated by repetitive or steady state processes and play a fundamental role in the growth and evolution of intraoceanic arcs. Citation: Rioux, M.,
Introduction
[2] Recent seismic studies of modern intraoceanic arcs have provided new insight into the structure and composition of the intrusive crust. Data from the Aleutian arc are interpreted to reflect a basaltic crust built around an existing oceanic plate [Holbrook et al., 1999; Lizarralde et al., 2002; Shillington et al., 2004; Van Avendonk et al., 2004] . In contrast, studies of the Izu-Bonin [Suyehiro et al., 1996; Takahashi et al., 1998; Kodaira et al., 2007a Kodaira et al., , 2007b , Mariana [Takahashi et al., 2007; Calvert et al., 2008] , Tonga [Crawford et al., 2003] , and South Sandwich [Larter et al., 2001; Leat et al., 2003] arcs have all documented thick (∼2-8 km), low-velocity (V p = 6.0-6.5 km/s) midcrustal layers that are interpreted to represent intermediate to felsic plutonic rocks. This interpretation is corroborated by the presence of extensive tonalitic plutons in exposed middle crust from the Izu-Bonin arc, preserved in the Tanzawa plutonic complex, Japan [Kawate and Arima, 1998 ]. The presence of a silicic middle crust is surprising given the mafic composition of most primitive mantle melts, and could have important implications for the chemical evolution and bulk composition of arcs, and ultimately, the role of intraoceanic arcs in the generation of continental crust. Seismic imaging of arcs provides key constraints on coarse crustal structure, but afford only limited information on the temporal evolution of felsic magmatism and the chemical composition of the intrusive plutons.
[3] The accreted Talkeetna arc in south central Alaska is an exemplary case of an intraoceanic arc crustal section and provides an opportunity to directly study arc middle crust. The Triassic to Jurassic arc is exposed in four volcanic and plutonic sections in the Chugach Mountains, the Talkeetna Mountains, the Kodiak archipelago and the Alaska Peninsula (Figure 1 ). Previous research has principally focused on the Chugach Mountains, which preserve a faulted crustal section from residual subarc mantle to subaerial volcanic rocks [DeBari and Coleman, 1989; Kelemen et al., 2003a Kelemen et al., , 2003b Mehl et al., 2003; Behn and Kelemen, 2006; Greene et al., 2006; Hacker et al., 2008] . The Jurassic batholith on the Alaska Peninsula is distinctly more felsic than the crustal section in the Chugach Mountains and has the potential to provide new insight into the role of silicic magmas in intraoceanic settings. In this contribution, we present new U-Pb zircon ages and whole-rock major element, trace element and radiogenic isotope data from western exposures of the arc on the Alaska Peninsula and the Kodiak archipelago (Figures 1 and 2) . Our new data demonstrate a temporal link between the four Talkeetna arc exposures and record the tectonic evolution of the arc from ∼212-153 Ma. The wholerock geochemical data, isotopic analyses, and calculated seismic velocities from intermediate to felsic plutonic rocks on the Alaska Peninsula suggest that this area represents an analogue for the low-velocity middle crust of modern arcs (Table 1 ) and the distribution of U-Pb zircon ages (in Ma) reported herein. Errors are reported at the 95% confidence level. The geologic map is modified from Detterman et al. [1976] (Kenai), Connelly and Moore [1979] (Kodiak), Detterman and Reed [1980] (Iliamna), Nelson et al. [1983] (Lake Clark), Detterman et al. [1987] (Karluk), Riehle et al. [1993] (Katmai), and Bradley et al. [1999] (Seldovia). The U-Pb zircon age from the Malina Bay region of the Afognak pluton is from Roeske et al. [1989] . The legend includes rock units shown in this figure and in Figure 8 . and can be used to understand the role of evolved magmas in intraoceanic settings.
Geologic Setting
[4] The Talkeetna arc stretches for ∼1000 km across south central Alaska. The volcanic carapace of the arc is preserved as the Jurassic Talkeetna Formation, which is in faulted and intrusive contact with the large arc plutonic complexes. The Talkeetna Formation and overlying sedimentary sequences define the extent of the Peninsular terrane described by Jones and Silberling [1979] (Figure 1 ). To the northeast, the arc is in faulted and/or intrusive contact with the allochthonous Wrangellia terrane, an extensive Triassic flood basalt erupted through an existing Paleozoic arc sequence [Bond, 1973; Richter and Jones, 1973; Nokleberg et al., 1985 Nokleberg et al., , 1994 Barker et al., 1994] . The Wrangellia terrane extends from southern Alaska to Vancouver Island, British Columbia. The southern portion is intruded by the Jurassic Bonanza arc, which some authors have argued represents a southern extension of Talkeetna arc magmatism [Plafker et al., 1989; DeBari et al., 1999] , though this relationship is debated. Overlap assemblages suggest that the two terranes formed as a single tectonic block or were juxtaposed prior to accretion onto the continental margin [Plafker et al., 1989; Nokleberg et al., 1994] . The Peninsular and Wrangellia terranes lie outboard of the Kahiltna terrane (Figure 1 ), a thick section of flysch and turbidite deposits [Nokleberg et al., 1994] interpreted to represent back-arc sedimentary sequences that were deformed during Jurassic to Cretaceous docking of the terranes [Wallace et al., 1989; Ridgway et al., 2002] . To the south, the Talkeetna section is juxtaposed with coeval and younger accretionary complexes of the Chugach terrane across the Border Ranges fault system (Figure 1 ) [Sisson and Onstott, 1986; Pavlis et al., 1988; Roeske et al., 1989; Clift et al., 2005b] .
[5] In this contribution we focus on arc plutonic rocks from the Alaska Peninsula and Kodiak archipelago. The Jurassic batholith on the Alaska Peninsula includes gabbroic to granitic compositions, but is dominated by quartz diorite and tonalite plutons (Figure 2 ) [Detterman and Reed, 1980; Riehle et al., 1993] . The plutonic rocks intrude and are structurally overlain by a thick section of volcanic breccias, lava flows, and tuffs [Detterman and Reed, 1980] that have been correlated with the Jurassic Talkeetna Formation in the Chugach and Talkeetna Mountains. A range of Jurassic and older metasedimentary and metaigneous screens are preserved within the plutonic section, which together with limited undated (inferred Triassic) metabasalt and Triassic limestone exposures, are interpreted as the only preserved prearc basement [Detterman and Reed, 1980] . To the southeast, the plutonic and volcanic exposures are truncated by the Bruin Bay fault system and juxtaposed with coeval and younger fore-arc sedimentary sequences [Detterman et al., 1976; Detterman and Reed, 1980; Detterman et al., 1996] .
[6] The Triassic to Jurassic section on Kodiak, Afognak and Shuyak islands consists of the Afognak pluton, associated mafic and ultramafic rocks, and the Shuyak Formation volcanic rocks. The Afognak pluton includes a series of diorite, quartz diorite, and tonalite intrusions along the northern edge of the archipelago (Figure 2 ) [Connelly and Moore, 1979; Roeske et al., 1989] . The pluton intrudes the base of the Late Triassic Shuyak Formation, which consists of a lower volcanic unit of vesicular pillow lava and an upper sedimentary unit of volcaniclastic sandstone, conglomerate, argillite, and tuff [Roeske et al., 1989] . The stratigraphic position of the Shuyak volcanic rocks above the Jurassic plutons is similar to the Talkeetna Formation volcanic rocks, however, early to middle Norian fossils from the upper member of the Shuyak Formation are older than radiometric and biostratigraphic ages from the Talkeetna Formation in the rest of the Peninsular terrane [Grantz et al., 1963; Connelly, 1978; Pálfy et al., 1999; Amato et al., 2007] . The plutonic and volcanic units are in faulted contact with blocks of layered gabbro, clinopyroxenite, and dunite within the Border Ranges fault system (BRF). The southernmost strand of the BRF places the Triassic-Jurassic rocks of the Peninsular terrane against the Raspberry Schist, which represents a coeval and potentially related accretionary complex, and younger accretionary mélange units of the Uyak Complex [Connelly and Moore, 1979; Roeske et al., 1989] .
Analytical Techniques
[7] High precision U-Pb zircon ages were determined using the chemical abrasion-thermal ionization mass spectrometry (CA-TIMS) method [Mattinson, 2005] . The CA-TIMS method uses coupled annealing and multistep digestion to minimize or eliminate the affect of Pb loss in U-Pb zircon dating. High-temperature annealing is used to repair radiation damage in the zircon lattice and prevent leaching of radiogenic Pb during multistep digestions. The zircons are subsequently dissolved in a series of increasing temperature steps. Initial (low-temperature) steps are commonly discordant and have young 206 Pb/ 238 U ages as a result of geologic Pb loss. In contrast, the more refractory material dissolves during the higher temperature steps and tends to record the true crystallization age of the zircon. For a homogeneous zircon population, these high-temperature digestion steps are concordant and overlap within error, and we interpret the weighted mean of these steps as the crystallization age of the sample. In this study, large multigrain zircon populations were annealed for 48 h at 1000°C and dissolved in 12 h steps at temperatures of 80-220°C (Data Set S1 in the auxiliary material).
1 For a detailed discussion of the chemical abrasion technique, see Mattinson [2005] . Absolute errors for the CA-TIMS analyses follow . In addition to the CA-TIMS analyses, we used laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) U-Pb zircon dating to study the systematics of complex samples. These analyses used analytical and data reduction procedures described by Hacker et al. [2006a] and Rioux et al. [2007] .
[ Rioux et al. [2007] . Major element analyses were carried out on fused samples by inductively coupled plasma-atomic emission spectrometry (ICP-AES) at Boston University, following the procedure outlined by Kelley et al. [2003] .
Results

U-Pb Zircon Dating
[9] We dated 10 samples from the Alaska Peninsula and the Kodiak archipelago (Table 1 (Figures 3a-3g ). All the weighted mean ages yield an MSWD < 1, with the exception of 2730M01B (1.4), 4731M03 (1.5), and 2728M01 (2.6).
[10] The final two samples from the Alaska Peninsula (2727M01 and 2731M01) have more complex digestion patterns characterized by a spread of data along concordia and a general increase in the 206 Pb/ 238 U age of the sample with increasing digestion temperatures (Figures 3h and 3i) . Laser ablation-ICP-MS data from one of these samples yielded a single Middle Jurassic population with a limited number of older 206 Pb/ 238 U ages up to ∼200 Ma (n = 50; Figure 4 and Data Set S2). The weighted mean 206 Pb/ 238 U age of the laser ablation analyses agrees well with the span of ages defined by the chemical abrasion analysis. These data are consistent with inheritance of slightly older Jurassic or Triassic zircons into a Middle Jurassic magma. Following this interpretation, the youngest chemical abrasion ages, excluding the low-temperature cleanup steps, provide a maximum crystallization age for the sample and the oldest steps provide a minimum age for the inherited component.
Geochemical Data
[11] Major and trace element data for the dated samples are reported in Table 2 and plotted in Figures 5 and 6. Analyzed samples range from dioritic to tonalitic compositions (Table 1) Figure 7 ).
Discussion
Plutonism in the Western Talkeetna Arc
[12] Our new data record a plutonic crystallization age of 212.87 ± 0.19 Ma from the Afognak pluton on Kodiak Island. This high-precision CA-TIMS analysis is equivalent to an existing U-Pb zircon age from Afognak pluton exposures in Malina bay (217 ± 10 Ma; Roeske et al., 1989] . The plutonic ages are also coeval with biostratigraphic ages within volcanic rocks of the overlying Shuyak Formation. The correlative ages, together with the similar arc geochemical signatures in the volcanic and plutonic rocks [Farris, 2009] , supports the interpretation that the Afognak pluton represents the intrusive equivalent of Shuyak volcanism. The Late Triassic ages predate the earliest plutonic ages from the eastern exposures of the arc (Figure 8 ), indicating that the Kodiak section represents the earliest preserved record of Talkeetna arc magmatism. [Jaffey et al., 1971] . All plots produced using Isoplot 3.0/ 3.2 [Ludwig, 2003] . Ages along concordia are in Ma.
[13] The Jurassic batholith on the Alaska Peninsula, which parallels the strike of the Kodiak section, records distinctly younger crystallization ages of 183.47 to 164.08 Ma. A single published U-Pb zircon age of 180 ± 2 Ma from a synvolcanic intrusion into Talkeetna Formation volcanic rocks in this area is coeval with the earliest plutonic dates [Millholland et al., 1987] . The data suggest a northward (present coordinates) shift in arc magmatism between formation of the Late Triassic Afognak pluton and intrusion of the Jurassic batholith (Figure 8c ). The CA-TIMS and LA-ICP-MS data for samples 2731M01 and 2727M01 are consistent with minor inheritance of slightly older Jurassic or Late Triassic zircons and most likely reflect interaction of these magmas with older arc plutonic rocks. Similar chemical abrasion and laser ablation data were seen in plutonic analyses from the eastern and central Talkeetna Mountains .
Tectonic Development of the Talkeetna Arc
[14] The evolution of arc magmatism on the Alaska Peninsula and Kodiak archipelago parallels the trend of magmatism in the Chugach Mountains and eastern Talkeetna Mountains (Figure 8 ) . Plutonic rocks from the Chugach Mountains record U-Pb zircon ages from 202.1 to 181.4 Ma. This initial magmatism was followed by a northward shift and formation of the intermediate to felsic plutonic rocks preserved in the eastern Talkeetna Mountains between 177.5 and 168.9 Ma (Figures 8 and 9 ). Initial isotopic ratios from these areas range from 143 Nd/ 144 Nd int = 0.512706-0.512785 and 87 Sr/ 86 Sr int = 0.703379-0.703951, and epsilon values are similar to data from modern arcs (Figure 7) . The northward migration of the arc axis relative to the earliest arc magmatism along the entire length of the Talkeetna arc can be explained by a range of processes, including tectonic erosion of the fore arc [Clift et al., 2005b] or shallowing of the subducting slab [Plafker et al., 1989] .
[15] Data from the western Talkeetna Mountains are more complex and reflect interaction between Talkeetna arc plutonic rocks and Wrangellia terrane crust . U-Pb zircon dates from the western Talkeetna Mountains record crystallization ages from 190 to 153 Ma (Figures 8 and 9 ), but all the samples contain inherited xenocrystic Carboniferous-Triassic zircons and are characterized by relatively evolved whole-rock initial isotopic ratios ( 
Role of Preexisting Crust in the Formation of Silicic Talkeetna Arc Plutons
[16] To understand the source of intermediate to felsic plutons on the Alaska Peninsula, it is critical to determine the role of preexisting crustal material in the development of the Talkeetna arc. Zircon analyses from Talkeetna Formation volcanic rocks and interplutonic screens on the Alaska Peninsula constrain the tectonic setting of the western extent of the arc. Multigrain U-Pb zircon analyses from the base of the Talkeetna Formation on the Alaska Peninsula record eruption ages of ∼197.8 Ma, but contain evidence for inheritance of significantly older zircon [Pálfy et al., 1999] : Discordant analyses from two of the analyzed tuffs are consistent with Middle Proterozoic (∼1100 Ma) to late Archean (∼2800 Ma) upper intercept ages. Similarly, detrital zircon analyses from roof pendants within Jurassic plutonic rocks on the Alaska Peninsula yield abundant Jurassic zircons, but also contain Triassic to Archean grains [Amato et al., 2007] . These data require that the Jurassic batholith formed in close proximity to older crust or terrigenous sediment. Preserved prearc crust in the batholith consists of inferred Triassic greenstone and overlying Triassic limestone [Detterman and Reed, 1980] , which may represent either pieces of Wrangellia (Nikolai) flood basalts or remnant oceanic crust that was intruded by the arc plutons.
[17] The isotopic data from the arc constrain the role of the preexisting material in the evolution of arc magmas. As discussed above, the range of initial isotopic values from the Chugach and eastern Talkeetna Mountains is similar to data from modern arcs (Figure 7) , and there is no evidence for the presence of older crustal material in these areas [Amato et al., 2007] . Nine of the 11 isotopic ratios from the Alaska Peninsula and the Afognak pluton are Figure 4 . Tera-Wasserburg concordia plot and histogram of laser ablation-inductively coupled plasmamass spectrometry U-Pb zircon data. Plots were produced using Isoplot 3.0/3.2 [Ludwig, 2003] . Ages along concordia are in Ma.
comparable to those determined from the Chugach and eastern Talkeetna Mountains, suggesting that there was little or no assimilation of isotopically evolved older crust into these plutons. One datum from the peninsula, and one from the Afognak pluton, have slightly lower 143 Nd/ 144 Nd int ratios, which may reflect variations in the source composition or assimilation of material with a lower 143 Nd/ 144 Nd int . However, the restricted range of the isotopic data from these areas, the absence of pre-Mesozoic inherited zircon in the plutonic samples, and the very limited extent of preserved prearc crust suggests that there was a restricted volume of any older crustal component and that it had little or no impact on the geochemical evolution of most of the arc plutons. The data indicate that the Talkeetna arc, which is exposed over an area that is comparable to the extensive Sierra Nevada batholith, California, represents a major addition of juvenile crust onto the continental margin.
Felsic Magmatism in Intraoceanic Arcs
[18] The four major exposures of the Talkeetna arc all contain varying proportions of intermediate to felsic plutons. The crustal section in the Chugach Mountains is dominated by ultramafic to mafic lithologies, but preserves a layer of more evolved plutons in the middle crust directly below the volcanic section (Figure 8 ). In contrast, the Talkeetna (Figure 2 ). The relative proportions of evolved plutons are likely structurally controlled. The crustal sections in the Chugach Mountains and on the Kodiak archipelago are composed of steeply dipping plutonic and volcanic blocks [Connelly and Moore, 1979; Winkler, 1992] , leading to thin, faulted layers of evolved midcrustal material. In contrast, some volcanic rocks on the Alaska Peninsula and in the Talkeetna Mountains have shallow to flat dips [Csejtey et al., 1978; Detterman and Reed, 1980] , suggesting that these areas represent broad slices through midcrustal plutonic complexes. All of the plutonic sections define similar geochemical trends (Figures 5 and 6) , and the evolved crust in these areas is chemically similar to the middle crust of the Izu-Bonin arc exposed in the Tanzawa plutonic complex (Figures 5 and 6 ). Rioux, 2006] and volcanic rocks of the Talkeetna Formation from the Chugach and Talkeetna Mountains [Clift et al., 2005a] are included for comparison. The Chugach Mountains plutonic rocks include cumulate compositions . The calc-alkaline and tholeiitic fields are after Miyashiro [1974] .
[19] The major element trends of the Talkeetna data are consistent with the intermediate to felsic plutonic and volcanic rocks forming by fractionation of mantle derived basaltic magmas. Greene et al. [2006] used least squares modeling to demonstrate that Talkeetna arc volcanic rocks with up to 57 wt % SiO 2 can be generated from mantle derived basalts by fractional crystallization of cumulate mineral compositions preserved in exposed lower crustal pyroxenites and gabbronorites in the Chugach Mountains. [Kelemen et al., 2003a; Clift et al., 2005a; Greene et al., 2006; Rioux, 2006;  this study].
[20] Calculated seismic velocities of the silicic Talkeetna arc plutonic rocks allow for direct comparison to seismic profiles of modern arcs (Table 4 ). P and S wave velocities were calculated from thermodynamic parameters and third order finite strain theory using the Excel macro developed by Hacker and Abers [2004] with an updated database. Modal mineralogies were determined by thin section point Figure 6 . Rare earth element and trace element variation diagrams of the Alaska Peninsula (diamonds) and Afognak pluton (circles) samples. Data from plutonic and chilled mafic dikes from the Chugach and eastern Talkeetna Mountains are shown in gray for comparison Rioux, 2006] . Average primitive arc basalts from the Tonga (triangles) and Mariana (inverted triangles) arcs are included in the trace element variation diagram [Kelemen et al., 2003a] . The rare earth element patterns are chondrite normalized [Nakamura, 1974] , and the trace element patterns are normalized to NMORB [Hofmann, 1988] . . c U-Pb zircon ages used for calculating the epsilon and initial isotopic values. Ages with no decimal are estimated from variable U-Pb data (2727M01 and 2731M01) or a nearby date (7-20-S12).
counts (Table S1 ) and mineral compositions were measured by electron microprobe [Johnsen, 2007; Hacker et al., 2008; M. E. Rioux, unpublished data, 2004) or estimated based on compositional trends from other Talkeetna plutonic rocks (data from Greene et al. [2006] and Hacker et al. [2008] ). Estimated uncertainties in the plagioclase and biotite compositions lead to small (0.04-0.1 km/s) variations in the predicted seismic velocities. Pressure and temperature were estimated from the inferred position of the silicic plutons in the Talkeetna section and data from modern arcs. Hacker et al. [2008] calculated pressures of 0.13-0.27 GPa for four tonalite and quartz diorite samples from the Chugach section, consistent with an estimated ∼7 km thickness for the overlying volcanic section [Clift et al., 2005a] , and the ∼5-12 km depth of low-velocity (V p = 6.0-6.5 km/s) zones in modern arcs [Suyehiro et al., 1996; Kodaira et al., 2007a Kodaira et al., , 2007b Takahashi et al., 2007; Calvert et al., 2008] . Proposed temperatures at these depths in modern arcs range from 100 to 700°C [Kelemen et al., 2003b] . Calculated V p of quartz bearing plutonic rocks from the Alaska Peninsula, the Chugach Mountains and the Talkeetna Mountains range from 5.96 to 6.55 km/s for pressures of 0.1 to 0.5 GPa and temperatures of 100-700°C (Table 4 ). The V p decrease with increasing temperature from 100 to 600°C and then increase from 600 to 700°C, reflecting changes in the elastic parameters of quartz near the a − b transition [Ohno et al., 2006] . The calculated velocities agree with previous work by Behn and Kelemen [2006] , which determined V p = 6.0-6.5 km/s for Chugach Mountain plutonic rocks with >56 wt % SiO 2 based on thermodynamically determined equilibrium mineral assemblages (0.5 GPa, 475°C). The range of calculated seismic velocities are also indistinguishable from the low-velocity layers in the Izu-Bonin-Mariana, TongaKermadec and South Sandwich arcs (Figure 10) .
[21] The equivalent seismic velocities, whole-rock geochemical data and restricted range in isotopic data suggest that the evolved Talkeetna arc plutons represent an analogue for low-velocity middle crust in modern arcs. As such, the data presented here, combined with existing data from Rioux et al. [2007] , provide new insights into the temporal evolution of the low-velocity crust. The U-Pb zircon ages from the arc record ∼60 Ma of arc magmatism from 213 to 153 Ma. The data are biased toward intermediate to felsic lithologies, which have higher Zr contents and more abundant zircon, and there are only limited radiometric constraints on the relative timing of mafic magmatism. However, the Talkeetna Formation volcanic rocks contain Sinemurian to Toarcian ammonites (196.5-175.6 Ma [Grantz et al., 1963; Ogg, 2004a] ) and are bound by ammonite bearing Ma; Figure 9 ) [Imlay, 1984; Pálfy et al., 1999; Ogg, 2004a] ). U-Pb zircon ages from the Alaska Peninsula further constrain the base of the Talkeetna Formation between 200.8 ± 2.8 Ma and 197.8 ± 1.0 Ma [Pálfy et al., 1999] . Shuyak Formation volcanic rocks on the Kodiak archipelago contain early to middle Norian pelecypods (216.5-205.7 Ma [Connelly, 1978; Ogg, 2004b] ), consistent with the older plutonic ages from this section. Finally, the Naknek Formation in the Talkeetna Mountains contains evidence for active unroofing of arc volcanic and plutonic rocks from the early Oxfordian to early Tithonian (161.2-147.2 [Ogg, 2004a; Trop et al., 2005] ) and provides an absolute minimum age for the termination of arc magmatism. The range in U-Pb zircon ages from the Talkeetna plutons is equivalent to or longer than the duration of arc volcanism (Figure 9 ), indicating that silicic magmas were generated throughout the lifespan of the arc. In addition, the distribution of ages suggests that the evolved magmas were Figure 7 . Radiogenic isotope data from Talkeetna arc plutonic rocks analyzed in this study and by Rioux et al. [2007] . Modern arc fields based on data from McCulloch and Perfit [1981] , Ewart and Hawkesworth [1987] , Woodhead [1989] , Pearce et al. [1995] , Ewart et al. [1998] , Taylor and Nesbitt [1998] , and Leat et al. [2003] were recalculated to be consistent with the standard and normalization values in this study. The Tonga-Kermadec field excludes data from the northern Tonga islands. All initial values were calculated using the parameters described in Table 3 (modified from  Rioux et al., 2007] ). Figure 8 generated by a repetitive or continuous process rather than punctuated events.
[22] Existing constraints on the temporal evolution of evolved arc magmas come from the volcanic record and seismic profiles of modern arcs. Tephra glass studies from the Mariana arc demonstrate that felsic liquids have been incorporated into erupted volcanic material throughout the duration of arc volcanism [Lee et al., 1995] , although the abundance of evolved compositions in the tephra glasses is not seen in the whole-rock volcanic record and may reflect shallow level processes or small melt fractions. Seismic tomography from the Mariana arc indicates that there is well developed low-velocity middle crust in the Eocene arc, but only limited low-velocity material observed in the <4 Ma Figure 9 . Time scale of Talkeetna arc volcanism and plutonism. The solid black bar shows the range of biostratigraphic ages within the Talkeetna Formation volcanic rocks [Grantz et al., 1963] , and the extended white bar is the maximum possible duration of Talkeetna volcanism permitted by bounding sedimentary sequences [Imlay, 1984; Pálfy et al., 1999] . Talkeetna and Chugach Mountains zircon ages are from Rioux et al. [2007] . The spans of biostratigraphic ages from the Shuyak and Naknek Formations are from Connelly [1978] and Trop et al. [2005] . The time scale is after Ogg [2004a Ogg [ , 2004b . Figure 1 , and the rock types follow the legend in Figure 2 . The geologic maps are modified from Csejtey et al. [1978] , Winkler et al. [1981] , Winkler [1992] , Wilson et al. [1998] , and the reference given in Figure 2 . modern arc [Calvert et al., 2008] . This observation was interpreted to reflect the temporal evolution of arc crust, where low-velocity middle crust is generated by extended anatexis and intracrustal differentiation and is restricted to mature arcs. In contrast, the U-Pb zircon data from the Talkeetna arc indicate that intermediate to felsic magmas were generated throughout the lifespan of the arc by continuous differentiation of arc magmas or anatexis of earlier intrusions. This temporal record, along with the consistent exposure of silicic plutons along the entire ∼1000 km length of Talkeetna arc, indicate that evolved magmas are a fundamental component of the growth and evolution of arc crust.
Conclusions
[23] The U-Pb zircon ages, isotopic analyses and geochemical data from the Kodiak archipelago and the Alaska Peninsula, together with recent research from the Chugach and Talkeetna Mountains, provide a detailed history of the tectonic and geochemical evolution of the Talkeetna arc. The geographic distribution of zircon ages indicates that initial arc magmatism was concentrated in the plutonic and volcanic sections preserved on Kodiak Island (212.87 ± 0.19 Ma) and in the Chugach Mountains (201.5-180.4 Ma). The arc axis subsequently shifted northward, generating the large plutonic suites preserved in the eastern Talkeetna Mountains (177.4-168.9 Ma) and the Alaska Peninsula (183.5-164.1 Ma). Isotopic data from these four plutonic sections of the Talkeetna arc define a restricted array of initial isotopic ratios that are similar to modern intraoceanic settings. In the western Talkeetna Mountains, inherited Paleozoic zircon and evolved isotopic data are consistent with interaction between the eastern extent of the arc and the Wrangellia terrane. Detrital Archean zircon grains in volcanic rocks and roof pendants on the Alaska Peninsula suggest that this portion of the arc formed in close proximity to older continental crust or terrigenous sediment derived from such crust. However, the isotopic ratios from this area, the absence of inherited zircon in the plutonic samples, and the dearth of preserved prearc crust suggests that there was a limited volume of the older crustal component and that it had little or no impact on the geochemical evolution of most of the arc plutons. The complete data set suggests that the Talkeetna arc formed in a setting similar to the modern western Pacific, with along-strike variations in the tectonic setting that included intraoceanic magmatism in the Chugach Mountains, interaction with the Wrangellia plateau in the western Talkeetna Mountains, and intraoceanic magmatism in the presence of proximal older crust along the Alaska Peninsula.
[24] The large silicic plutonic complexes on the Alaska Peninsula and in the Eastern Talkeetna Mountains, along with the more restricted volumes of evolved plutons in the Chugach Mountains and on the Kodiak archipelago, are chemically similar to the exposed middle crust of the IzuBonin arc in the Tanzawa plutonic complex. Calculated seismic velocities of intermediate to felsic Talkeetna arc plutons range from V p = 5.96-6.55 km/s, suggesting that the Talkeetna plutons represent an analogue for the low-velocity middle crust observed in modern arcs. The continuous temporal record and extensive exposure of intermediate to felsic plutonic rocks throughout the Talkeetna arc suggest that evolved magmas are generated by a steady state or repetitive processes and play a fundamental role in the growth and evolution of intraoceanic arc crust.
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